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Abstract 
It is fundamental for gene transformation and ecosystem hazard evaluation to study the pollen characteristics of 
transgenic plants. In this research, the characteristics of pollen from 7- or 8-year-old transgenic apple plants carrying an 
exogenous CpTI gene were analyzed. The results showed that there was no significant difference in terms of size, 
morphology, or exine ornamentation between the pollen of the transgenic plants and the non-transgenic control. However, 
the transgenic plants had more abnormal pollen grains. Of the 13 transgenic lines tested, 12 had a significantly lower 
amount of pollen and six exhibited a significantly lower germination rate when cultured in vitro. The pollen viability of 
three transgenic lines was determined, with two showing significantly lower viability than the control. The transgenic 
Gala apple pollen grains germinated normally via controlled pollination on Fuji apple stigmas. However, the pollen tubes 
extended relatively slowly during the middle and late development stages, and another 8 h were needed to reach the 
ovules compared with the control. The gibberellic acid concentration in transgenic Gala apple flowers was lower than in 
the non-transgenic control during all development stages tested. The abscisic acid concentration in the transgenic flowers 
was lower during the pink stage, and higher during the ball and fully open stages. Microscopic observation of the anther 
structure showed no difference. The tapetum of the pollen sac wall in transgenic plants decomposed late and affected 
pollen grain development, which could be one of the reasons for the lower number of pollen grains and poor viability in 
the transgenic plants. 
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1. Introduction 
Gene flow is one of the main ecological risks of transgenic 
plants (Fan et al., 2001). The pollen of transgenic plants plays 
an important role in cross-pollination and is the main medium of  
gene dispersal in flowering plants (Pilcher et al., 2001; Wei et al., 
2005). Therefore, studying the pollen characteristics of 
transgenic plants is fundamental for genetic modification and 
ecological risk evaluation of gene transformation (Zeng et al., 
2008). Bergelson et al. (1998) found that transgenic Arabidopsis  
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thaliana showed a dramatically increased ability to donate 
pollen to nearby wild-type mothers. Wei et al. (2005) studied 
five transgenic rice lines transformed respectively with the Bar, 
crylAb, BADH and Xa21 genes and suggested that transgene 
insertion had little effect on the outcrossing potential of rice 
varieties. The foreign gene Bar had no significant effect on 
pollen or seed fertility in transgenic rice, which indicated that 
there was no gametal sterility in these herbicide-resistant plants 
(Lin et al., 2007). In contrast, some reports have shown that 
foreign gene insertion can affect gamete development, resulting 
in the foreign gene not being inherited by progenies through 
gametes. For instance, Sangtong et al. (2002) reported that the 
wheat Glu-1DX5 gene in transgenic maize was inefficiently 
transmitted through pollen by reciprocal crossing with 
non-transgenic plants and self-pollination. Limanton-Grevet and 
Jullien (2001) found that a foreign gene could only by inherited 
through male gametes since its insertion possibly affected the 
survival of female gametes. Decreased fertility is a common 
phenomenon in the current generation of transgenic plants (Tang 
et al., 2001). Gahakwa et al. (2000) observed abnormal pollen 
grains in the R2 generation of transgenic rice plants. A 
significant decline in pollen vigor or floral aberrance have been 
observed in transgenic lines of Betula platyphylla carrying the 
bgt gene (Zeng et al., 2008), Torenia fournieri carrying the 
transgenic vector pCAMBIA 1310 (Sun, 2008), Nicotiana 
tabacum carrying the CBF1 gene (Zhang et al., 2007), wheat 
carrying the Anti-trxs and Bar genes (Ren et al., 2006), and rice 
carrying the hPt gene (Tang et al., 2001). Transgenic Petunia 
hybrida plants carrying the Chalcone synthase-A gene even 
became male-sterile (Shao et al., 1996).  
Transgenes can be inserted within a gene that affects the 
competence of the pollen grains, and transgenic pollen generally 
has poorer germination, elongation, or fusion competence 
compared with non-transgenic pollen (Zhang et al., 1996). Use 
of the female as the transgenic parent resulted in greater 
inheritance of expression compared with use of the male 
(Christou et al., 1989; Ulian et al., 1994; Zhang et al., 1996). 
To date, the pollen fertility and ecological safety of gene 
transformations have been widely reported in crops, but less so 
in fruit trees. The pollen fertility and safety of transgenic apple 
trees carrying the exogenous cowpea trypsin inhibitor (CpTI) 
remain unknown. The CpTI gene is derived from the edible part 
of the cowpea (Vigna unguiculata L. ‘California Black-eye’ ) 
and encodes a kind of insect resistance protein. Its product 
restricts protease activity in the intestines of feeding insects and 
causes digestive problems. Eventually, the feeding insects stop 
developing and die through lack of nutrition. The CpTI gene 
showed more target insect resistance compared with the Bacillus 
thuringiensis (Bt) gene (Xu et al., 2008). In a consecutive 3-year 
experiment from 2005 to 2007, we found that the pollen 
germination rate of transgenic apple carrying the exogenous 
CpTI gene was significantly lower than that of the 
non-transgenic control. Apple is a cross-pollinating plant in 
which pollen quantity and fertility play important roles in 
pollination. Studying the pollen characteristics of transgenic 
apple carrying the exogenous CpTI gene may help the 
arrangement of pollinizers in the planting of transgenic plants 
and provide useful information for ecological risk evaluation of 
gene transformation in apple. 
2. Materials and methods 
2.1. Transgenic apple plants and pollen collection 
Transgenic apple lines (Malus × domestica ‘Gala’) carrying 
the exogenous CpTI gene were obtained via Agrobacterium 
tumefaciens-mediated transformation (Shi et al., 2000). Thirteen 
transgenic lines and non-transgenic in vitro plantlets of Gala and 
Fuji were rooted, acclimated, and planted in the specimen 
orchard at the Agricultural University of Hebei, Baoding, Hebei, 
China in 2004. In 2011, the flowers were sampled during the 
ball stage from the transgenic lines and control trees, and pollen 
was obtained in the lab by detaching anthers, sorting, and drying 
at room temperature to release the pollen grains. 
2.2. Observation of pollen grains using a scanning 
electron microscope 
The pollen grains were scattered evenly on a specimen stub 
covered with double-sided transparent tape and given an 
ultrathin coating of gold by low-vacuum sputter coating. The 
morphological characteristics of the pollen grains and exine 
ornamentation characteristics were observed under a scanning 
electron microscope (model KYKY-2800B). The polar diameter 
(length) and the equatorial diameter (width) of selected pollen 
grains were recorded. 
2.3. Pollen count in a single anther 
Twenty normal anthers were taken and put into a 1.5 mL 
Eppendorf tube at 25 ℃, 1 mL of 50 g · L-1 sodium 
polyphosphate was added, and the tube was capped and shaken. 
A few drops of the pollen suspension were placed in a 
hemocytometer counting chamber, and then the chamber was 
placed on a microscope stage to count the number of pollen 
grains. The number of pollen grains in one anther was calculated 
as the number of pollen grains per square area × 10 × 25 × 
1 000)/20, with six replications. 
2.4. Pollen grain germination rate in vitro and viability 
A medium containing 100 g · L-1 sucrose, 10 g · L-1 agar, 
and 0.1 g · L-1 boric acid was made and smeared on glass slides. 
The pollen grains were inoculated on the glass slides and kept 
well moistened at 25 ℃ for 12 h. The number of total pollen 
grains and the number of germinated pollen grains were 
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recorded for germination rate calculation. For each transgenic 
line, three glass slides were used and three views of each glass 
slide were recorded as replications. Next, a moderate amount of 
pollen grains was placed on a glass slide. One or two drops of 
TTC solution were added and the slide was covered with a 
coverslip, set at 40 ℃ for 20 min, and observed under a 
microscope. The pollen grains with a red color were counted as 
viable. Six views of each glass slide were checked. The 
percentage of pollen grain viability was calculated. 
2.5. Observation of pollen germination and growth 
status in pistils 
A controlled pollination was performed using transgenic 
Gala apples as male parents and non-transgenic Fuji apples as 
female parents; non-transgenic Gala and Fuji were used as a 
control. Twenty flowers were sampled from each treatment at 2, 
4, 6, 8, 12, 16, 24, 32, 40, 48, and 60 h after pollination. The 
pistils were taken and kept in an FAA fixative. Then, the pistils 
were softened in 8 mol · L-1 KOH for 8–12 h, soaked in DI 
water for 1 h, stained in aniline blue solution for 4 h, and placed 
on glass slides for observation under a fluorescence microscope. 
2.6. Observation of the pollen grain formation process 
About ten flower buds or inflorescences were sampled 
every three days from mid-March to mid-April in 2012, and 
kept in an FAA fixative. They were then dehydrated in 
increasing concentrations of ethanol, cleaned with 
dimethylbenzene, embedded in paraffin, sectioned on a 
microtome, and observed and photographed under a 
microscope. 
2.7. Hormone contents in flowers during florescence 
Flowers at the pink, ball, and fully open stages were 
collected from the transgenic lines and non-transgenic Gala 
plants. The sepals and petals were removed and the pistils and 
stamens were kept for further study. A 1–3 g sample was taken, 
and 30 mL cooled methanol was added. It was then ground, 
disrupted using ultrasonication at 4 ℃ for 1 h, left overnight at 
0–4 ℃, and filtered. The residue was taken, mixed with 20 mL 
cooled methanol, disrupted by ultrasonication at 4 ℃ for 0.5 h, 
and filtered. Both filtrates were mixed and condensed to a 10 
mL volume under reduced pressure. The sample was then 
filtered using a 0.45 µm film, and the filtrate was used to 
determine the content of gibberellic acid (GA3) and abscisic 
acid (ABA) using HPLC. 
2.8. Data analysis 
The standard error was calculated for the measured 
parameters. The significance of differences among mean values 
was determined by Duncan’s multiple range test at the level of 
α = 0.05 using LSR means. Data analysis was done using the 
Data Processing System (DPS) for Practical Statistics, Version 
12.5 for Windows. 
3. Results 
3.1. Pollen grain morphological characteristics 
Observed under a scanning electron microscope, the shape 
of normally developed pollen grains of non-transgenic Gala 
apple was elliptical in the equatorial view(Fig.1), and the ratio 
of the polar diameter to the equatorial diameter (L/W ratio) was 
1.904. The pollen grains had narrow germinal furrows, and the 
ends of the furrows did not join each other in the polar plane. 
The pollen grain exine showed a number of clear, longitudinal, 
and parallel striae, and some of the striae were in a swirl pattern.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1  The morphology of pollen grains from transgenic Gala (A–C) and non-transgenic plants (D–F) observed under a scanning electron microscope 
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Table 1  Pollen grain quantity and viability of transgenic lines of 
Gala apple carrying the exogenous CpTI gene 
Transgenic  
line 
Pollen grain quantity 
number per anther 
Germination  
rate/% 
Viability/% 
1 5 200 ± 583 b 63.0 ± 5.4 ab – 
2 4 200 ± 768 c 65.3 ± 5.7 ab – 
3 5 125 ± 427 bc 29.1 ± 3.3 def – 
4 4 000 ± 570 c 70.5 ± 6.5 a 43.6 ± 7.5 bc
5 5 100 ± 430 bc 24.5 ± 6.7 ef – 
6 6 900 ± 640 ab 61.3 ± 1.3 abc – 
7 4 800 ± 752 bc 71.8 ± 3.7 a 58.7 ± 2.3 ab
8 4 875 ± 1 068 bc 53.9 ± 7.7 abcd – 
9 2 833 ± 459 c 11.4 ± 2.1 f – 
10 4 750 ± 1 010 bc 32.4 ± 1.3 de 25.0 ± 3.9 c 
11 3 900 ± 510 c 35.9 ± 6.4 cde – 
12 5 000 ± 570 bc 52.7 ± 3.8 abcd – 
13 2 667 ± 422 c 41.7 ± 1.1 bcde – 
Non-transgenic 
plant 
8 200 ± 1793 a 76.5 ± 0.5 a 69.5 ± 2.2 a 
Note: Different letters following values in the same column indicate 
significant difference at 0.05 level. –: Not tested. 
Relatively more abnormal pollen grains were found in the 
transgenic Gala. The normally developed pollen grains of the 
transgenic Gala apple showed no significant difference in terms 
of size, morphological characteristics, or exine patterns 
compared with the non-transgenic Gala apple. The pollen grain 
L/W ratio of the transgenic Gala apple was 1.923.  
3.2. Pollen grain quantity and viability 
The pollen grain number per anther was counted in 13 
transgenic lines (Table 1). All showed significantly lower 
numbers compared with the non-transgenic control plants, 
except line 6. A difference also was found among the transgenic 
lines. The maximum was 6 900 pollen grains per anther, and the 
minimum was only 2 667 pollen grains per anther. 
 
The pollen grain germination rate in vitro on the medium 
varied in the transgenic lines (Table 1). Compared with the 
control, lines 3, 5, 9, 10, 11, and 13 showed significantly lower 
germination, while the remaining seven lines showed no 
significant difference. 
The pollen viability of three transgenic lines was tested. 
Lines 4 and 10 showed significantly lower viability than the 
control. Line 7 had no significant difference compared with the 
control (Table 1). After staining, line 4 had significantly fewer 
red pollen grains than the control (Fig. 2), which indicated a 
decline in pollen viability. 
In general, the exogenous gene insertion affected the 
transgenic plants’ fertility in terms of pollen grain quantity, 
germination rate in vitro, and viability to a certain extent. 
3.3. Observation of pollen germination and growth 
status in pistils 
A controlled pollination was performed using the pollen 
grains of transgenic Gala line 10 and non-transgenic plants to 
cross-pollinate with Fuji apple. The pollen grain germination 
and growth status in the pistil were observed under a 
fluorescence microscope. The pollen grains germinated and 
started to elongate in the pistils 4 h after pollination. They 
reached 1/4 the length of the style at about 6 h and 2/3 the 
length at 8 h, were close to the base of the style at 12 h, and 
entered the ovary and met the ovule at 40 h after pollination. No 
significant difference was found between the transgenic and 
non-transgenic pollen grains in germination status at the early 
stage, but the transgenic pollen tubes elongated relatively slowly. 
They needed more time to reach the same position in the style 
starting from 6–8 h after pollination and needed 8 h more to 
reach the ovary compared with the non-transgenic pollen tubes. 
This could be related to the decline in pollen grain viability of 
the transgenic lines. All of the pollen tubes, from both the 
non-transgenic and transgenic Gala, had entered the ovules of 
the Fuji apple at 60 h after pollination (Fig. 3). 
 
 
Fig. 2  The viability of pollen grains from transgenic Gala line 4 (A) and a non-transgenic plant (B) observed under a microscope 
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Fig. 3  The germination and growth status of transgenic Gala pollen in Fuji apple pistils after controlled pollination 
A–C. Non-transgenic control (A: Pollen grains germinating on the stigma 4 h after pollination; B: Pollen tube reaching into an ovary 12 h after pollination; C: 
Pollen tube entering an ovule 40 h after pollination). D–F. Transgenic plants (D: Pollen grains germinating on the stigma 4 h after pollination; E: Pollen tube 
reaching into an ovary 16 h after pollination; F: Pollen tube entering an ovule 48 h after pollination). 
 
3.4. Observation of the pollen grain formation process 
Paraffin sections of flower buds and inflorescences 
sampled at different stamen formation stages were observed in 
transgenic line 10 to identify the factors causing the decline of 
pollen viability. The stamen primordia developed normally (Fig. 4, 
A1). Then, the anthers formed via cell division and 
differentiation and expanded at the top ends, and the filaments 
formed via elongation of the base ends (Fig. 4, A2). During the 
early stage of anther development, four cells located 
symmetrically accelerated their cell division first, the 
archesporial cells differentiated, and the pollen sac wall and 
sporogenous cells formed (Fig. 4, A3). The pollen sac wall 
consisted of the epidermis, a fibrous layer, the middle lamella, 
and the tapetum. The sporogenous cells developed into pollen 
mother cells via cell division or directly (Fig. 4, A4). Then, the 
pollen mother cells started meiotic division, went through the 
dyad and tetrad stages, and formed haploid pollen grains (Fig. 4, 
A5 and A6). At the early stage of haploid pollen grain formation, 
the cell wall was thin and the nucleus was located at the center 
of the cell. The cell consistently received nutrition and water 
from the tapetum cells that were breaking up, became enlarged, 
formed an outer wall, and developed into a mature pollen grain 
(Fig. 4, A8). The tapetum is a layer of cells located in the  
innermost part of the pollen sac wall and plays an important role 
in pollen grain development. When the haploid pollen grains 
were released from the tetrad, the tapetum cells started 
decomposing and providing nutrition for them, and disappeared 
completely by the pollen grain maturation stage. Tapetum cell 
decomposition was delayed in the transgenic Gala (Fig. 4, A7). 
This could retard pollen grain development, and be a reason for 
the lower number of pollen grains and reduced pollen fertility 
compared with the non-transgenic Gala control. 
3.5. Content of hormones in flowers during florescence 
The GA3 and ABA contents in the pistils and stamens 
during the flowering stages were tested in the transgenic Gala 
and non-transgenic control. The GA3 content gradually 
decreased during the flowering process in general. A quick 
decrease occurred from the pink stage to the ball stage in the 
non-transgenic control and from the ball stage to the fully open 
stage in the transgenic plants. The GA3 content of the transgenic 
Gala was lower than that of the non-transgenic control during all 
stages of florescence. The ABA content tended to increase 
during flowering. The ABA content in the transgenic flowers 
was lower at the pink stage and higher at the ball and fully open 
stages compared with the control (Table 2). 
 
 
Table 2  Effect of exogenous CpTI on hormone contents in transgenic Gala flowers during florescence 
GA3/(µg · kg-1 FW) ABA/(µg · kg-1 FW) Material 
Pink stage Ball stage Full open stage Pink stage Ball stage Full open stage 
Transgenic Gala 797.5 ± 17.46 779.1 ± 24.37 546.0 ± 36.03 1.0 ± 0.27 88.8 ± 6.82 94.5 ± 5.77 
Non-transgenic Gala 1 293.1 ± 86.58 845.2 ± 43.56 840.2 ± 40.28 31.0 ± 7.90 37.5 ± 5.07 85.1 ± 7.27 
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Fig. 4  The pollen development process of transgenic Gala observed under a microscope 
A: Transgenic Gala. B: Non-transgenic Gala. 1: Stamen primordia (SP); 2: Differentiation of the anther (AN) and filament (FI); 3: Differentiation of the pollen 
sac (PS) and sporogenous cells (SC); 4: Pollen sac wall (PSW) and microspore mother cell (MMC); 5: Microspore (MS) development; 6: Premature pollen 
grain (PPG); A7: The tapetum (TA) of the pollen sac wall in the transgenic plants decomposed late; A8, B7, B8: Mature pollen sac and pollen grain (PG). 
 
4. Discussion 
Theoretically, single gene insertion has a minor impact on 
the genome of the recipient, and the recipient should soon 
regain genetic stability. However, more and more research has 
shown that genetic variation occurs in the first generation of 
transgenic plants or their progeny to some extent, with dwarfing 
and low fertility being typical phenomena (Fan et al., 2000; Cui 
et al., 2001; Ren et al., 2006). The phenotypic variation in 
transgenic plants could be due to the effect of T-DNA insertion 
at different loci or the expression of the exogenous gene on the 
metabolic processes of the recipients (Benedict et al., 1996).  
Shao et al. (1996) reported that transgenic lines of petunia 
carrying the chalcone synthase-A gene had a number of 
male-sterile plants. The transcription of this gene in tapetum 
cells was suppressed, which restricted the synthesis of 
flavonoids closely related to fertility. Some researchers have 
suggested that phenotypic variation in transgenic lines could be 
due to somaclonal variation during the tissue culture and plant 
regeneration process. Zhang et al. (2007) obtained the same 
flanking sequences for the T-DNA insertion locus in two 
transgenic lines of tobacco that had clearly different floral types, 
and found the T-DNA was inserted in a non-coding area, which 
indicated that the floral aberrance of the transgenic tobacco was  
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not caused by T-DNA insertion, but by somaclonal variation 
during tissue culture. Wheat plants transformed by particle 
bombardment carrying Anti-trxs and Bar genes had less growth 
height and lower fertility in T0, but recovered significantly by 
the T2 generation. The abnormal phenotype of the T0 plants 
could have been due to the weak growth status of tissue culture 
plants, a temporary phenomenon after transfer to the field, and 
not caused by the exogenous gene transformation (Ren et al., 
2006). Similar results were obtained in transgenic rice as well 
(Tang et al., 2001). 
Previously, the exogenous CpTI gene was found in pollen 
grains collected from transgenic Gala, which indicated that the 
exogenous gene could be transferred through pollen (Wang et al., 
2013). In this experiment, the exogenous gene insertion in Gala 
apple did not affect the pollen grain morphological 
characteristics, but most of the transgenic lines showed lower 
pollen grain numbers, germination rates, and fertility compared 
with non-transgenic plants, as well as changes of GA3 and ABA 
contents in flowers during different florescence stages. Sawhney 
and Shukla (1994) reported that male sterility of plants could be 
caused by a high amount of ethylene, increased ABA content, or 
decreased GA3 and cytokinin contents. In this research, the GA3 
content of transgenic flowers was lower than that of the 
non-transgenic control, and the ABA content increased rapidly 
after the ball stage, which could be a reason for the poor pollen 
germination rate in the transgenic lines. By observing the pollen 
grain development process under the microscope, it was found 
that the anthers of transgenic plants developed normally during 
the early stage. However, after the haploid pollen grains were 
released, the tapetum decomposed late, which retarded pollen 
grain development. The tapetum is a layer of cells located in the 
innermost part of the pollen sac wall. Tapetum cells have high 
metabolic activity, and contain abundant lipids, proteins, 
enzymes, carbohydrates, and sporopollenin. When the haploid 
pollen grains are released from the tetrad, the tapetum cells start 
decomposing and provide nutrition to the pollen, disappearing 
completely by the pollen grain maturation stage. Premature or 
delayed tapetum cell decomposition has an impact on pollen 
grain development (Zhang et al., 2008). The transgenic plants 
used in this experiment were obtained via the Agrobacterium- 
mediated leaf disc gene transformation method. The abnormal 
development of pollen grains in the transgenic plants could be 
related to the exogenous gene insertion and/or somaclonal 
variation in tissue culture. We compared trees originated from 
shoot tip culture and from grafting with Fuji and Golden 
Delicious apple trees, and found no significant difference in 
terms of pollen grain viability. The ones originating from tissue 
culture showed genetic stabilization with no variation (Liu, 
2011). Therefore, the abnormal development of pollen grains 
found in this experiment could be due to the exogenous gene 
insertion. 
Although the transgenic apple plants in this research 
showed lower fertility in terms of pollen grain numbers, 
germination rate in vitro, and viability, the yield and fruit quality 
in production should not be affected if adequate pollinizers are 
present because apple trees are cross-pollinating plants. 
However, the decreased pollen viability of the transgenic apple 
could limit the ecological risk caused by transgenic pollen flow, 
and the advantages outweigh the disadvantages. 
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